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I. TIntroduction

The ability of SEM/EDAX to determine the physical and chemical com—
posigion of very small areas was used to study several, diverse types of
samples representative of NASA-LaRC technology. More systematic investi-
gation was carried out on two subjects in which earlier work had raised
questions: (1) Differences in the results of grit-blasting Ti 6-4
adherends, and (2) The presence of. extraneous elements——primarily silicon—
in some polymer/HT-S fiber composites. Initial results were obtained from
a fractured (ILS) Short-Beam Shear specimen, and from Ti 6~4 alloy, before
and after a proprietary Boeing anodizing surface preparation for adhesive
bonding. Photomicrographs and EDAX spectra were also obtained from new,
fractured lap-shear strength specimens that employed PPQ and LARC-13
adhesives. These results substantially complete our basic data on the
various combinations of adhesives and adherends.

During the current grani period, the DuPont 650 X-ray photoelectron
spectrometer was installed and put into operation. Its design and
operating characteristics differ conside;ably from the AET ES100 apparatus
previously employed. Thus duplicate runs were made on the polymers studied
earlier. The results iQdicated the possibility of rapid, qualitative,
polymer analysis, and the study was successfully extended to additional

polymers and monomers. Some of these preliminary results were included

in a manuscript prepared for publication in Polymer Preprints (see

Appendix).
The experimental emphasis is shifting toward ascertaining the dura-

bility of surface treatments on titanium 6-4 and toughening mechanisms

-.i-—-



for brittle polyimides. During the remainder of the grant period, we
plan to characterize Ti 6-4 surfaces before and after four common surface
preparations and also after exposure to conditions that effect an
accelerated environmental exposure. Also planned are benchmark tests

on toughening with epoxy systems where favorable results have been re~
ported in the literature. Attempts will bé made to apply similar

_technology to polyimides,



II. Experimental

A. Apparatus and Procedures

1. Scanning Electron Microscopy/Energy Dispersive Analysis
of X-rays (SEM/EDAX)

Photomicrographs were obtained using a polaroid camera -back attached
to the oscilloscope on the Advanced Metals Research Corporation Model 900
scanning electron microscope. Operating at 20 kV, high magnification
views (500X-10,000X) gave information on the details of surface features,
while survey scans at 26X—200X provided a check on the distribution of
representative features that describe the surface. For convenience in )
studying the results, approximate vertical dimensions of each photo-
micrograph appear at the right in the figures, and the corresponding
magnification is listed in each caption. Most specimens were cut to
approximately 1 x 1 cm With either a high pressure cutting bar (titanium
substrates) or a hack saw (composite substrates), and fastened to SEM
mounting stubs with conductive, adhesive-coated, copper tape. Also a new
punch~type sample‘cutter was constructed to obtain %—inch, circular
samples required for the DuPont 650 ESCA spectrometer, and a few SEM
specimens were prepared to determine whether this method changed surface
structures. To enhance conductivity of insulating samples, a thin
Ci 200 R) film of Au/Pd alloy was vacuum—-evaporated onto the samples.
Photomicrographs were taken with the sample inclined 700-from the incident
electron beam. Rapid, semi-quantitative elemental analyses were obtained
with an‘EDAX International Model 707A energy-dispersive X-ray fluoréscence

analyzer attached to the AMR-900 SEM. A Polaroid photographic record of



each spectrum was made using a camera specially adapted for the EDAX
oscilloscope output. Tracings of the spectra are juxtaposed in the
figures to facilitate interpretation.

Cross—-sections of composites were obtained by securing samples
between rubber faces in a bench~top vice and driving a crack through the

sample with one sharp blow of a hammer on a hand-held chisel.

2. Electron Spectroscopy for Chemical Analysis (ESCA)

Initial ESCA data were collecte& on an AET ES-100 photoelectron
spectrometer using an aluminum anode and digital data acquisition. A
digital PDP-8e computer/plotter was used to deconvélute and display the
spectra. Recently we repeated the experiments on a DuPont 650 photo-
electron spectrometer with a magnesium anode and direct display of the
spectra oﬁ a strip-~chart recoxrdexr. This system provided analysis of
polymer samples in minutes. This is, of cou-rse, a significant advantage
for routine work even though computer analysis must be added later. We
are working on more detailed comparisons but the qualitatively distinctive

features of polymers are basically the same in both spectrometers.



ITT. Results and Discussion

A. Scanning Electron Microscopy/Energy Dispersive Analysis
of X-ray Fluorescence (SEM/EDAX)
1. Titanium 6-4

a. @Grit Blast Study

One set of samples of phosphate/fluoride treated Ti 6~4 analyzed by
SEM/EDAX (Final Report, February 1977, Figures 7 and 8) showed numerous
aluminum or aluminum oxide particles not observed previously. Lap Shear
Strength testing with PPQ adhesive on these substrates gave low values,

»and our study of the fracture surfaces (Final Report, February 1977,
Figures 9, 10, 11) also showed the particles, thus raising the possibility
that the particles were a'cauSe of low strength. We have repeated the
analysis on another Ti 6-4 adherend taken from thig set of samples.
Several particles are seen at the lowest magnification in Figure 1, and
EDAX analysis from these particles (Figure 8¢) is positive for aluminum.
Higher magnification photomicrographs in Figure 1 serve to characterize
the microstructure typical of phosphate-fluoride treated Ti 6—4 as ob-
served throughout the four years of our work.

In an attempt to determine the origin of the unexpected particles,
three specially grit~blasted sets of Ti 6-4 coupons were prepared at NASA-
LaRC to see wheLherresidual aluminum oxide grit could be a factor. The
microtopography cf these samples is displayed in Figures 2-4; thefe is
surprisingly liétle resemblance to the features in Figure 1. All of the

specially prepared Grit Blast Study samples appear to be much more heavily



worked and fragmented than previous samples. (¥.B. Visual inspection
shows that the Grit Blast Study samples are much darker in the roughened -
areas than previous samples.} Furthermore, EDAX analysis (Figure 8B)

was similar for all the Grit Blast Study samples, and indicated an un-—
usually high aluminum-content uniformly distributed, including fragments
and substrata, The data point to the temative conclusion that all of

the Grit Blast Study specimens received a longer treatment than previous
routine samples. This might result in the darkened appearance, the
greater degree of micro—working of the surface, and an increased transfer

of aluminum from the grit inte the Ti 6-4 surface.

b. Boeing Anodized Surface Treatment

Photomicrographs of samples received from Boeing are seen in Figures
5-7. Imme&iately prior to the ancdizing step, structures similar to
previously observed Ti 6-4 "as received" are notable: white, B-phase
flakes embedded in a cratered, amorphous, grey o—phase alloy (Figure 5).
After anodizing the oxide layer appears with many, very irregular pits,
as observed in the sample obtained last year from NASA LaRC (see Fimal
Report, February 1977, Figure 6). However, the dense population of
small (< 0.5um) nodules is absent from the new samples. The effect of
the new, punch-type sample cutter is negligible, judging by the fact that
Figures 6 and 7 are virtually identical and the former sample was. cut with
tin snips. Close inspection of the 10,000X view in Figure 7 givés the
impression that the anodized oxide layer is rather low-density and uni-
formly porous at the level of 1000 Angstrom units or less. EDAX gave

identical results (Figure 84A) before and after anodizing, and there is a



basic correlation also with previous results on "as received" or normal

surface treatments (Final Report, February 1977, Figure 3).
2., HT-S Graphite Fiber/Polymer Composites

Previously we had used EDAX énly occasionally on composite sub-
strate samples. Usually the data showed only the Au/Pd coating: the
lighter elements (below fluorine) are not detected by X-ray fluorescence.
Occasionally, however, some extraneous element would appear. Now we
have systematically examined cross-sections of HT-$ graphite fiber com—
posites with matrix polymers RL3N, Skybond 710, NR-150BZ and PPQ.
Generally, the presence of extraneous elements, such as our conjecture
of silicon from mold release agents, has been ruled out. Rarely was any
element detected, and never in a uniform concentration over any appreciable
area, as would be expected in the case of diffusion of contamination.

There were a few instances where several extraneous elements were con—
centrated in small, isolated areas that could be described as chunks of
debris resulting from fracture when the samples were split with the
chisel. Two examples are shown in Figure 9 and the EDAX results in
Figure 10. 1In the center of the top photomicrograph in Figure 9 is an
accumulation of chunks of debris, apparently matrix resin and AL, Si, Cl,
K, Ca, Fe, Cu and Zn were found uniformly distributed throughout. No
elements were found in either the graphite rods or the smooth matrix
polymer areas adjacent to the debris. The same elements were found iso-—
lated in the lower right tip of the relatively large particle shown in the
bottom of Firgure 9. Perhaps small amounts of salts, catalysts or other

ionic constituents of polymerization receipes all concentrate during drying



and cure into tiny, isolated regions. In any case, their occurence is
rare and their influence probably minor.

Photomicrographs of a tested Inter-Lamellar (Short Beam) Shear speci-
men are shown in Figure 11. The nature of the failure is more easily
observed in the split cross-section at the bottom_of the figure. This was
the first such sample studied with the "scouting" objective to see whether
any distinctive features could be determined on these small, difficult-
to-handle specimens. More samples with different strength values would

need to be examined to find whether SEM could be predictive or diagnostic

for strength.

3. Fracture Surfaces

a. PPQ

Figure 12 shows representative features of a LSS sample prepared with
Ti 6~4 anodized adherends and PPQ adhesive on scrim cloth. Low strength
resulted after the joint was left for three days in boiling water and then
tested at 550° F. Failure was 90% "near-interfacial, as indicated on
the left, The adhesive fractured vertically, leaving part on each ad-
herend, and the "bare" areas are covered with thin flakes of primer that
were drawn in the direction of stress. This ductile fracture is also
seen in areas of bulk adhesive failure on the right.

Representative views of two samples with anodized Ti 6-4 coupons as
one adherend and composites (one with Skybond 710 matrix and the other
with NR-150B2) as the other adherend, and PPQ (unsupported) adhesive are
shown in Figure 13. Both samples gave moderate strength when tested at
room temperature. The Skybond 710 sample had a three day water boil, and
showed about 607 failure in the composite surface, 40% titanium inter—

facial, while the NR-150B2 showed > 80% failure at the titanium surface.



In both instances, black "smudges'" seen in the upper left photomicrograph
appeared on the titanium surfaces. Higher magnification views of these
anomalous, dark areas are shown in Figure 14, where they have features
distinctive of corrosion pits. Indeed, EDAX analysis. (Figure 15) shows
that the crystal-like growths projecting up from the dark background are

composed of sodium and potassium chloride.
b. LARC-13/Ti 6-4

Figures 16-19 are rather similar, in keeping with the similarity
in lap shear strength values. Interfacial failure and voids are the
predominant features. Alsco, the adhesive-side of the interfacial failure
replicates the adherend poorly, further indicating low flow that probably
contributed to void formation. The sample aged and tested at 600°F had
the greatest proportion of bulk failure.

Considerably higher strength was obtained with the samples shown in
Figures 20 and 21, and interfacial failure was decreased proporticnally.
Perhaps there was bhetter flow due to a difference in formulation: the
color of the "flash" was distinctly lighter, and even the adherends were
lighter. The void content was quite similar however. The high filler
content in the latter sample appeared to effect greater bulk fracture,

thus improving strength.
B. Electron Spectroscopy for Chemical Analysis (ESCA)

Fundamental studies correlating polymer structure (or more correctly,
organic functional groups) with ESCA spectra are needed to firmly establish
the technique. and provide background information for applications of ESCA

to practical applications where compositions are unknown. The installation
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of the DuPont 650 Photoelectron spectrometer has greatly facilitated
our efforts in this area because spectra are obtained rapidly and dis-
played directly. This has allowed us to repeat much of the work done
last year on the AET ES-100, and to examine the important, distinctive
details such as side~bands and satellite structures.

Spectra have been collected from a wide variety of engineering poly-
mers and copolymers, and many monomers also. Most of the samples do not
contain functionality that produce large chemical shifts that facilitate
interpretation of ESCA spectra in fluoropolymers or inorganic compounds.,
Nevertheless, qualitative identification can be effected by careful in-
spection of the peak shapes, positions and intensities, and satellite
structures.

Reduction of the ESCA data into publishable form is time—consuming
and still an area of research. For example, deconvolution of overlapping
peaks and quantitative ratiocs of peak areas must eventually become
standard procedure. Our spectra from PPQ, LARC-13, and several polyimide
monomers for. example, need this data treatment to facilitate interpretation.

The use of a pantograph to reduce the peak sizes so that they can
be juxtaposed easily was effective to show some of the potential of ESCA
analysis of polymers in cases where distinctive features were clear
wﬁthout deconvelution or quantitative analysis of peak areas. Our initial
results in this area have been submitted for publication in Polymer
Preprints; a copy of this manuscript is contained in the Appendix. This
paper will be presented at the ACS National meeting in Chicago, and an

expanded version published in the Advances in Chemistry series. Also we

are working on another paper for presentation in October at the regional

ACS meeting in Charleston, West Virginia.
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FIGURE 1,

Four magnifications (500X, 2000X, 5000X, 10,000X) of
phosphate/fluoride treated Ti 6-4 samples of 10/76 origin.
Particles are suspected to be grit blast residue;

EDAX analysis shows aluminum (Figure 8C).






FIGURE 2.

Four magnifications (500X, 2000X, 5000X, 10,000X) of Grit
Blast Study Sample hand blasted (80 psi, 120 grit) in
Bldg. 1 NASA-LaRC. Freon cleaned. Heavily worked,
fragmented remains of previous Ti 6-4 sample.
Fracture debris, 0.lum<d<10m, densely scattered.

Excess aluminum content is shown by EDAX (Figure 8B). |







FIGURE 3.

Four magnifications (200X, 500X, 2000X, 5000X) of one of
six grit blasted whole panels "All done in MP and DS (Freon cleaned)
Lee Bryant." Fewer particles and possibly different micro-working

than previous sample; EDAX identical-even the 5um sphere.
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FIGURE 4.

Top. Two magnifications (200X, 1000X) of Grit Blast Study
sample; machine blast (MP and DS shop) perpendicular, 6"-8"
from surface, 120 A1203
Bottom. Two magnifications (200X, 1000X) of same

grit, 80 psi pressure. Not Freon cleaned.

sample shown in Figure 2.






FIGURE 5.

Four magnifications (500X, 2000X, 5000X, 10,000X) of

Boeing Ti 6-4 sample prior to anodizing step.
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FIGURE 6.

Four magnifications (500X, 2000X, 5000X, 10,000X) of
Boeing Ti 6-4 anodized sample.

Cut with tin snips.






)

FIGURE 7.

Four magnifications (500X, 2000X, 5000X, 10,000X) of
Boeing Ti 6-4 anodized sample. Cut with punch for

o
DuPont 650 ESCA samples, micropores, d < 50C A.






EDAX spectra typical of A. Ti 6-4 as received

or after normal surface preparations. B. Ti 6-4
after "special'grit blast. C. Particles found
on samples received 10/76; identical analysis
for Al powder filler.




FIGURE 9.

Two magnifications (2 @ 2000X, 10,000X) of a split
cross—section of previous sample. Areas with
particulate debris have concentrations of Al,
Si, Cl1, K, Ca, Fe, Cu and Zn as shown in the

EDAX spectrum in Figure 10.






Figure 10. EDAX spectrum taken from the debris particle in Figure 9.




- 21 -

FIGURE 11.

Two magnifications (200X, 500X) of outside (Top) and inside
(Bottom) of a PPQ (1:3) SRI2 Inter-Lamellar Shear specimen
tested at 550°F = 5200 psi.






FIGURE 12.

Four magnifications (20X, 50X, 200X, 500X) of fracture
surface of PPQ 413 (on scrim cloth)/Ti (anodized) joint tested at 550°F
after 3 days water boil - 710 psi. Ductile fracture in adhesive, fiber/
adhesive interfacial failure, primer/adherend "interfacial" failure,

having thin flakes of primer adhering.






FIGURE 13.

Three magnifications (20X, 500X, 1000X) of PPQ 413/Ti
(anodized) /NR-150B2-HTS composite joint tested at room
temperature = 2400 psi. (Bottom Left) one magnification
(500X) of PPQ 413/Ti (anodized)/Skybond 710-HTS composite tested
at room temperature after three days water boil = 2750 psi.
Both samples very similar. Ti surface has numerous dark "smudges"

that are seen to be salt pits in the next two figures.
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FIGURE 14,

Three magnifications (500X, 2 @ 1000X, 2000X) of adherend
areas from the previous two samples. These features look like corrosion
pits and EDAX (Figure 15) shows the crystals to be sodium and

potassium chloride.







Figure 15. EDAX spectrum taken from corrosion pit in Figure 14.




FIGURE 16.

Three magnifications (20X, 100X, 2 @ 500X) of fracture
surface of LARC-13 (on scrim cloth)/Ti (phosphate fluoride) tested at

room temperature = 1780 psi.






i

FIGURE 17.

Three magnifications (20X, 100X, 2 @ 500X) of fracture
surface of LARC-13 (on scrim cloth)/Ti (phosphate fluoride) tested at
600°F = 1200 psi.






FIGURE 18.

Three magnifications (20X, 100X, 2 @ 500X) of fracture
surface of LARC-13 (on scrim cloth)/Ti (phosphate fluoride) sample tested

at room temperature after 125 hours aging at 600°F = 1940 psi.






FIGURE 19.

Three magnifications (20X, 100X, 2 @ 500X) of fracture
surface of LARC-13 (on scrim cloth)/Ti (phosphate fluoride) sample tested
at 600°F after 125 hours aging at 600°F = 1750 psi.







FIGURE 20.

Three magnifications (20X, 100X, 2 @ 500X) of fracture
surface of LARC-13 on scrim cloth/Ti (phosphate fluoride) sample tested at

room temperature = 3200 psi.






FIGURE 21.

Three magnifications (20X, 100X, 2 @ 500X) of fracture
surface of LARC-13 (with 60% Al powder on scrim cloth)/Ti (phosphate

fluoride) sample tested at room temperature = 3560 psi.
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IV. Conclusions

1. Special Ti 6-4 samples grit-blasted under various conditions
did not show any residual particles, However, these surfaces were all
of different microtopography than any previous samﬁles, basically
appearing to have been much more heavily worked.

2. New anodized Ti 6-4 samples obtained from Boeing did not show
the small nodule structures seen on the previous sample.

3. No significant concentration of extranecus elements was found
in a systematic study of composite cross-—sections. Infrequent, localized
spots were found contaiming several elements.

4, qIﬁterfacial failure dominated the new PPQ samﬁles, and salt
Ypits" were components on the titanium fracture surfaces.

5. LARC-13 samples also showed considerable interfacial failure,
and especially residual voids, indicatiné low flow during bonding. In—
creased filler content seemed to reduce the problem.

6. ESCA SPectfa from a variety of polymers indicated the potential

for rapid, "fingerprint" analysis.
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V. Work Planned

During the remainder of the grant period we expect to complete the
analysis of the ESCA spectra of polymers.

Scouting experimenté will be conduéted in toughening polyimides. A
formulation will be developed igcorporating fibrillated polytetrafluoro-—
ethylene into LARC~2, Experiments will be conducted with known rubber-
toughening technology in epoxies ag controls. Subsequent to formulation
and cure experiments, SEM examination of freeze-fracture specimens will
be carried out to observe rubber domains and fracture mechanisms. \

Primary effort will be devoted to studies on the durability of
surface preparations on Ti 6-4. Surface characterization by SEM/EDAX
and ESCA will determine the structure and bonding after each step of
the anodized, phosphate/fluoridé, Pasa Jell and Tuzrco surface treatments.
A new plasma cleaning technique will also be employed to reduce adsorbed
contaminants. Accelerated aging will be accomplished by high temperature

alr exposure, and surface characterization repeated subsequently.
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VI. Appendix

ESCA ANALYSIS OF POLYMER STRUCTURE
AND BONDING, I

by

David W. Dwight, James E. McGrath and
James P. Wightman

{to be published in Polymex Preprints, Vol. 18, No. 2)



BSCA_ANALYSIS OF POLYMER_STRUCTURE_AND BONDING. |,
David- W. Dwight, Jame:s E. McGrach amd James P Wightman
Depariment of Chemistry
Virginia Polytechnicr Instdtute and Slate University
Blackshurg, Virginia 24001

X~ray photoelectron spectroscopy (ESCA) provides rapid
analysis of diverse polymer samples that can vary from
experimental solutions to commercial films. The binding
energies and intensities of core-level peaks didentify thg
atoms and functional groups im the sample surface (v 30 A

deep). Unsaturated systems give rise to "shake-up CH{H}EVAI‘Iy“}E 15
satellite" structures characteristic of local v-bonding. OF POoR QUAL,
Spectra from a variety of polymers are presented to . ITY

illustrate some of the potential of ESCA analysis.

INTRODUCT ION

Engineering applications for synthetic polymers continue to expand;
research and development directed toward defining new propertics and
processes and elucidating structure-property relationships is critical
(1-5). Our previous work emphasized high-performance thermoplastics(6-8)
and thermosets (9,10}, and characterization of bulk physical properties
such as thermal stability, dynamic mechanical behavior, toughness and
adhesive-bond strength was of primary importance. ESCA was used mainly
for chemical analysis of thin surface layers with composition different
from the bulk (11,12).

Clark and co-workers published a series of papers pioneering funda—
mental ESCA studies of polymers(13). Measuremenis vere made on well
characterized, homogenecous polymers and model compounds. The results
were correlated with non-empirical, CNDO/2 SCF Molecular Orbital
calculations. Their work established that absolute and relative
. binding energies, and relative peak areas (intensities) are capable
of elucidating many important aspects of polymer-surface chemistry.

Another level of information is available in aromatic-contain-
ing polymers; w® =+ w° transitions give rise Lo low-intensity "shake-up
satellite" structures that are characteristic of the local w-bonding
in repeat units (14). Clark, et al., applied this background informa-
tion to a variety of problems including copolymer composition and
structure, structural isomerism, and surface—fluorination kinetics(15).

Other workers have reported primarily Fluoropolymer data, since
the Iarge chemical shift caused by fluorine substitution Ffacilitates
interpretation of the carbon 1s spectra (16). 1In these systens,

ESCA has unique capability to study plasma-polymerized films(17}, sur-
face trealmenls and surface-segregation(l1,12).

Included in our current study are commercial, enginecring
polymers and experimental. copolymers from a varicty ol classes:
polyimide, polycarbonate, polyester, polyarylene ether sulfone;
polyarylene ether sulfide-sulfone, and polyphenylene oxide. The 35
data show that each polymer system has a distinet ESCA "Lingorprint",
indicating the potential For rapid, semi-quantitative analysis.
Moreover, shake-up satellites may provide new insight into structure
and bonding in aromatic-containing polymers.
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Apparatus

Initial ESCA data were collected on an AET BES-100 phoLoelectron
gpectrometer using an aluminum anode and digital data acquisition. A
digictal PDP-8e computer/plotter was used to deconvolute and display the
spectra. Recently we repeated the experiments on a DuPont 650 photo-
electron speckrometer with a magnesium anode aund direct display of the
spectra on a strip-chart recorder. This system provided analysis of
polymer samples in mwinutes. This is, of course, a significant advantage
for routine work even though computer analysis must be added later. We
are working on more detailed compariseons bul the qualikatively .distinctive
Features of polymers arc basically the same in both spectrometers.

Materials aund Procedures

Commercial grade films of "Mylar" polyester and "Kapton" polyimide
were obtained from DuPont. "Lexan" polycarbonate and "Noryl" poly-
phenylene oxide were obtalned as powders from General Electric. Extruded
pellets of polysulfeone were obtained from Union Carbide. Both polycar-
bonate and polysulfone were dissolved in chloroform and examined as
cast films. Tolyamic acid was cast as a thin film frowm 15% diglyme and
imidization subsequently was accowmplished by heating in air for one-hour
at 100°, 200° and 300°C. The polythiosulfone (PSP-T)} was prepared
as described in detail elsewhere (8), and examined as a film cast from
chloroform. The monomers bisphenol A and dichlorosulfone were obtained
from Union Carbide. GCrown Zellerbach supplicd the &,4'-thiodiplhenol
(Bisphenol T) and 4,4'-sulfonyl diphenol (Bisphenol §).

RESULTS AND DISCUSSION

Interpretation of ESCA spectra of polymers first assumes that
effects arc localized, and thus characteristic of the rvepeat unit. The
functional constituents are identified hy detailed cowparison of
the spectra with known reference standards of model compounds (monomers).
More applications will arise now that the first correlation diagram for
carbon 1s levels in polymers as a function of eclectronic environment
has appeared (13). Relatively small chemical-shife cffects often result
in overlapping of peaks; deconvolution of such spectra aids in identify-
ing the type and awmount of functionality. TFor example, the carbon l1s
levels of "Mylar" polyethylene terephthalate are shown in Fig., 1. The
four component peaks (dotted lines) add together to exactly maltch the
experimentally determined envelope (solid line). Separation of the
ether-, carbonyl-, and aromatic—type carbons and rough estimate of
their stoichiometry (1:1:3) are facilitated by deconvoluclon. Towever,
our AEL digital data acquisition and interactive-computer analysis is
relatively time consuming. TFigures 2-4 show the results from several
polymers and monomers, as obtained in the analog mode withi the Dulont
spectrometer. Tor routine analysces the ability to obtain ESCA spectra
in minutes may be a significant advantage.

Comparison of Fig. 1 and Fig. 2A shows the same information in the
carbon 1ls levels as measured by each spectrometer. A shake-up satellite
characteristic of 7-bonding appears as a high-energy shoulder on the
carboxyl peak at higher sensitivity. The oxygen levels are almost
resolved into scparate peaks for carbonyl- and ethcr-oxygens, and a \jsg;
shake~up satellite can just be distinguished from the background.
Polyphenylene oxide shows relatively intense shake-up satellites in
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t%_ljlllmw__ hoth carbon awd oxypen levels (Wig. 2B).  The bigh-cnerpgy (low-intensity)

i .- : peak in the polycarbonnte carbon Ls levels (Fip.20) is Lthe combination of
gshake—up and carbonate peaks. 1o broad oxygen peak indicates two types
of oxypen that diflfer in cnvironment a little less than the oxypens in
"Mylar'. One would expect a shake-up satellite but the responsce was
apparently below the signal-to-background ratio. The Bisphenol A model
compound spectra in Fig. ZD helps provide confidence in interpretation of
spectra of polymers derived fFrom that monomer.

Tig. 3 shows three similar structures that are separated by ESCA.

* The phenyl-ether link in "Kapton" polyimide (TFig. 3A) results in the
broadest carbon and oxygen main peaks, but the carbonyl peak (v289eV) is
the narrowest. The potential to follow the thermal cure of polyamic
acid to polyimide emerges from Fig. 3B and 3C. The presence of carboxyl
groups in the amic acid has a broadening effect on the higher-energy
carbon peak and the oxygen levels.

Oxidation of sulfur from thio- to sulfonyl—~ form produces a
distinct chemical shift of about 5 eV, as shown by the model compound
spectra in Fig. 4C and 4D. Analysis of polymers for the presence of
cither of these linkages is straightforward, as illustrated in Fig. 4B.
In this case the objective was to obtain an equal number of each. The
two oxidation states of oxygen give rise to broad oxygen levels in
Fig. 4A and 4B, but curlously do not in 4D.

We are working on more accurate determination of ESCA peak shapes plus
deconvolution routines for thorough charzcterization of sLlucLure and
bonding in these and other polymer systems.
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